The aim of the study was to evaluate the relation between fractional flow reserve (FFR) and simultaneously evaluated coronary flow reserve by thermodilution (CFRthermo), with the improvement of left ventricular (LV) function in patients with previous myocardial infarction (MI) undergoing percutaneous coronary intervention (PCI).
Introduction
The evaluation of coronary pressure by fractional flow reserve (FFR) provides direct physiological and functional significance of coronary stenosis complementary to angiographic characterization. 1 -3 In fact, it has been shown that the correlation between FFR and diameter stenosis is weak, with large overlap particularly in patients with intermediate coronary stenosis, practically disabling the prediction of functional significance of coronary stenosis on the basis of angiography. 4 The relation might be even more complex in patients with previous myocardial infarction (MI) where different amounts of necrotic and viable tissue influence myocardial perfusion area in a territory supplied by a stenotic coronary artery.
Diagnostic and prognostic significance of FFR has been mainly investigated in patients with normal left ventricular (LV) function, and data in patients with previous MI are mostly lacking. 5, 6 FFR is providing clinically useful diagnostic information both in patients with normal LV function as well as in patients with previous MI. 5 In fact, the same cut-off value of 0.75 has been shown to be discriminative in both groups of patients, 5 and thus, FFR may be used as an alternative to non-invasive testing for the provocation of myocardial ischaemia in establishing prompt, detailed, and proper indication for revascularization. However, similar concept has not been proved for the prediction of the improvement of myocardial function-i.e. the question remains on the relation between the improvement of FFR in patients with previous MI undergoing percutaneous coronary intervention (PCI) and the improvement in LV function in the follow-up period. We hypothesized that the improvement in functional indices during angioplasty (fractional and coronary flow reserve) will translate into the functional improvement of the left ventricle in patients with previous MI. Therefore, the aim of this study was to evaluate the relation between FFR and simultaneously evaluated coronary flow reserve by thermodilution (CFRthermo), with the functional improvement in LV function in patients with previous MI undergoing elective PCI. In addition, it was of further interest and clinical value to compare prognostic potential for the myocardial recovery of invasive functional parameters to accepted and well-known noninvasive method-dobutamine stress echocardiography test.
Methods

Study population
From November 2005 to January 2007, 51 patients with previous MI and significant coronary stenosis (50% diameter stenosis by QCA) detected by coronary angiography were initially included in the study. This was a prospective study with the inclusion of consecutive patients who fulfilled the following criteria: (i) previous first MI at least 7 days before the study; (ii) one-vessel coronary artery disease responsible for MI; (iii) echocardiographic identification of regional wall motion abnormalities corresponding to the site of MI and coronary lesion; and (iv) scheduled percutaneous intervention of infarct-related artery. As decision to perform PCI was based on the fulfilment of all inclusion criteria, but also the detection of FFR ,0.80 at the time of scheduled percutaneous intervention of significant coronary stenosis in infarct-related artery, five patients deemed ineligible for inclusion after the initial assessment (FFR 0.80). Thus, the final study population consisted of 46 patients (mean age 53 + 7 years; 36 male, 10 female). In addition, none of the patients with acute MI, multivessel coronary disease, occluded coronary artery, and absence of regional wall motion abnormalities were included in the study.
The study protocol was presented and approved by the Medical Ethical Committee of Clinical Center of Serbia, Belgrade, Serbia. Informed consent was obtained from all patients.
Echocardiographic evaluation
We have evaluated by echocardiography LV ejection fraction (biplane Simpson's rule) 7 and wall motion score index before and 6 months after the procedure (mean 6 + 1 months). In all patients, we have also performed dobutamine stress echocardiography test for the evaluation of myocardial viability. Dobutamine was administered intravenously in successive doses of 5 and 10 mg/kg/min in 5 min intervals. Echocardiographic images were interpreted and analysed by an observer unaware of patients' clinical, angiographic, and functional data. For the purpose of analysis, LV walls were divided into 17-segment model. 7 Segmental wall motion was evaluated and scored as normal (score 1), hypokinetic (score 2), akinetic (score 3), and dyskinetic (score 4). A wall motion score index was derived by the summation of individual segment scores divided by the number of interpreted segments. High level of inter-and intraobserver reproducibility has been reported previously. 8 Stress echocardiography test was considered positive for myocardial viability if the improvement in contractility and the thickening of infarcted segments were observed in at least two adjacent myocardial segments. LV functional improvement was defined as the improvement in contractility of at least two adjacent myocardial segments in the follow-up period.
Evaluation of fractional and coronary flow reserve during percutaneous coronary intervention
In all patients, we have evaluated by single pressure/thermo 0.014 in. guidewire (RADI) FFR and CFRthermo before and immediately after PCI. For PCI, a 6 or 7 F arterial sheath was introduced into the femoral artery. Adequate guiding catheter was positioned in the ostium of the respective coronary artery, and after the intracoronary administration of 200 mcg of nitroglycerine, angiogram of the coronary artery with stenosis was performed. After the heparinization of the patient, a guidewire, previously flushed and calibrated, was advanced to the tip of the guiding catheter to ensure identical pressures by the guiding catheter and pressure guidewire. The pressure wire was then passed across the stenosis and positioned into the distal part of the coronary artery. For the induction of maximal hyperaemia, we have used intracoronary administration of papaverine-15 mg for the left coronary artery and 10 mg for the right coronary artery. As we have evaluated simultaneously CFRthermo in addition to FFR, before inducing maximal hyperaemia, we have evaluated basal coronary flow in basal conditions by the intracoronary administration of 4 ccm of saline three times in succession. Then, maximal hyperaemia was induced, and during the plateau phase of papaverine action (stable minimal FFR), three additional saline boluses of 4 ccm were administered intracoronarily for the determination of peak coronary flow, presented as peak mean transit time. CFRthermo was calculated automatically and presented as a ratio of basal mean transit time and mean transit time during hyperaemia. After the evaluation of FFR and CFRthermo, we have proceeded to angioplasty using the same pressure wire. Immediately after successful angioplasty, we have performed, in identical manner as described previously, the evaluation of FFR and CFRthermo. All angiographic images were analysed by dedicated system for quantitative coronary angiography (Siemens Quantcor qca). The images were analysed by an observer unaware of the patient clinical, functional, and echocardiographic data. After the visual inspection of the coronary artery, the frame of optimal clarity was selected, showing lesion at maximal narrowing and arterial silhouette in sharpest focus. After the calibration of guiding catheter, analysed arterial segment with coronary lesion was defined by moving the cursor from the proximal to the distal part of coronary artery to ensure adequate determination of reference diameter. We have measured minimal luminal diameter, reference diameter, per cent diameter stenosis, and length of the lesion. All measurements were repeated in the same view after angioplasty.
Statistical analysis
The data are expressed as mean + standard deviation (SD). The sample size was determined for the estimated change in FFR during angioplasty of 0.10 or for the estimated change in coronary flow reserve during angioplasty of 0.5. With a population SD of 0.25, delta 0.40 (E/SD; E ¼ 0.1), a error of 0.05, and 1-b ¼ 0.80 (80% power of the study) calculated sample size was 50 patients. Normal distribution of all data was confirmed by the Kolmogorov -Smirnov test. Continuous variables were compared using Student's t-test for paired and independent groups. Dichotomous variables were compared using a x 2 test (McNemar's test for paired proportions). All tests were considered two-sided. Relation between angiographic, clinical, echocardiographic, and invasive physiological parameters was analysed by Pearson's correlation coefficient. A P-value ,0.05 was considered statistically significant. However, a-adjustment according to the modified Bonfferoni's procedure was done to account for the inflation of the experiment-wise type I error due to multiple testing. Because we performed 40 consecutive statistical analyses, we choose a level of significance of a ¼ 0.05/ 40 ¼ 0.00125. A caution should be taken into account for the interpretation of the results between those two P-values.
Univariable logistic regression analysis was used to evaluate the relation between various clinical, echocardiographic, angiographic, and invasive physiological variables and improvement in the myocardial function in the follow-up period. To select covariates independently associated with the improvement in myocardial function, significant univariable predictors were reassessed by a multivariable logistic analysis, with values for inclusion and elimination set at P , 0.05. These variables are presented with P-values, odds ratio (OR), and 95% confidence intervals (95% CIs) for OR.
The receiver operating characteristic (ROC) analysis was used as an important tool for assessing the accuracy of diagnostic tests. When dealing with data measured on continuous measurement scales, it is often cumbersome to create and make an inference based on a nonparametric ROC curve. In order to determine the best cut-off value of FFR and CFRthermo for the differentiation of the improvement of myocardial function in the follow-up period, another approach to statistical inference-resampling method-was used. 9, 10 In the Results section, the validation by means of bootstrapping (computed over 1000 bootstrap samples) is presented. All measures of accuracy are presented with 95% CIs. Bootstrap percentile intervals (a and 12a quantiles of estimated values) are presented as CIs from bootstrap samples.
Results
Clinical characteristics of the patients are presented in Table 1 . Anterior or anteroseptal MI was present in 30 patients (65%), and inferior or inferolateral MI in 16 patients (35%). Twenty-six patients (57%) received thrombolytic treatment in the early phase of MI. Maximal rise in creatine kinase was 1759 + 1500 IU.
Time from MI to PCI was 3.7 + 6.3 months. During the study period, 35/46 patients (76%) were on b-blockers, 27/46 (59%) patients were on ACE-inhibitors, 35/46 patients (76%) were on statin therapy, and all the patients were on aspirin. The evaluation of FFR was successful in 45/46 patients (feasibility 98%), as in one patient the pressure wire could not cross the subocclusive lesion in circumflex coronary artery. The evaluation of CFRthermo was successful in 43/46 patents (feasibility 93%), as in additional three patients the variability of transit times during saline administration was too high (.20%), or mean resting transit time was too short (,0.25 s), disabling adequate values of CFRthermo during hyperaemia (RADI analyser does not measure shorter times than 0.11 -0.12 s-therefore, in that case a CFR . 2 could not be obtained).
Angiographic and angioplasty data
Coronary lesions were successfully treated in all patients with the decrease of diameter stenosis from 63 + 8 to 17+ 8% (P , 0.001) and the increase of minimal luminal diameter from 1.14 + 0.31 to 2.74 + 0.55 (P , 0.001). Mean reference diameter was 3.1 + 0.7 mm, and mean length of the lesion was 15 + 7 mm. In 44/46 patients, coronary stents were implanted (two procedures were concluded only with balloon angioplasty). In 10/46 (22%) patients, drug-eluting stents were implanted, whereas in 34 patients bare metal stent(s) were implanted. Mean stent balloon diameter was 3.1 + 0.4 mm, mean length of the stent was 21 + 7 mm, and mean maximal balloon inflation pressure during intervention was 17 + 2 atm. All the patients had TIMI 3 flow grade after angioplasty.
Fractional flow reserve and coronary flow reserve by thermodilution data: relation to clinical, echocardiographic, and angiographic variables PCI induced significant improvement of invasive functional parameters ( Figure 1) . FFR increased significantly (P , 0.001) from 0.60 + 0.14 (range 0.26 to 0.77) to 0.91 + 0.06 (range 0.81-1.00). Mean improvement of FFR during coronary angioplasty (delta FFR) was 0.31 + 0.14. Similarly, CFRthermo increased significantly (P , 0.001) from 1.4 + 0.3 (range 1.0 -2.0) to 2.4 + 0.7 (range 1.2 -4.7). Mean increase in CFRthermo (delta CFR) during coronary angioplasty was 1.0 + 0.6.
In regard to the relation between angiographic (% diameter stenosis, minimal luminal diameter) and invasive functional parameters, there was no significant correlation between them either before or after coronary angioplasty. However, there was a significant correlation between FFR and maximal creatine kinase (r ¼ 0.47, P ¼ 0.003) (Figure 2 ).
Improvement in myocardial function
LV ejection fraction increased from 48 + 6 to 56+ 7% (P , 0.001), and wall motion score index decreased from 1.42 + 0.24 to 1.26 + 0.29 (P , 0.001). LV functional improvement was observed in 33/46 (72%) of patients. In patients with improvement in myocardial function, ejection fraction increased from 50 + 6 to 58 + 6% (P , 0.001), and wall motion score index decreased from 1.39 + 0.22 to 1.17 + 0.20 (P , 0.001). However, in patients with no improvement in regional function, ejection fraction was 46 + 4% before angioplasty and 50 + 9% in the follow-up period Table 1 , including risk factors and infarctrelated artery. In addition, Figure 3 presents that the improvement in delta FFR and CFRthermo, but not the improvement in per cent diameter stenosis during angioplasty, was associated with the improvement in myocardial function in the follow-up period.
By bootstrapping resampling method, cut-off values of invasive functional parameters (Table 3) , best predicting improvement in myocardial function, were FFR before angioplasty ,0.71, improvement of FFR during angioplasty of .0.21, improvement of CFR during angioplasty of .0.80, and CFRthermo after angioplasty .2.0. When the values of FFR before angioplasty were categorized in regard to cut-off point of 0.71, positive predictive value of FFR before angioplasty for myocardial functional improvement in the follow-up period was 88% (29/33 patients) and negative predictive value was 69% (9/13 patients).
Ideally, it would be of most interest to detect which patient will improve myocardial function before angioplasty. Therefore, we performed multivariable logistic regression analysis ( Table 4 ) with entry probability of 0.05 for variables that were determined before angioplasty. FFR before angioplasty (P ¼ 0.001) and dobutamine-assessed viability (P ¼ 0.006) were the most significant multivariable predictors of myocardial recovery. Correct classification rate was 84.4%.
When multivariable regression analysis ( Table 4 ) was performed for all significant univariable predictors, including improvement in CFRthermo and CFRthermo after angioplasty, the most significant independent predictors for the improvement in myocardial function were the improvement of CFRthermo during angioplasty (P , 0.001) and FFR before angioplasty (P ¼ 0.002), with correct classification rate of 90.7%. The value of improvement in FFR (delta FFR) during angioplasty was not taken into account in multivariable analysis because of high correlation (r ¼ 20.90) and multicolinearity with the values of FFR before angioplasty.
Discussion
The evaluation of FFR and CFRthermo provides significant prognostic information on LV functional recovery in patients with previous MI undergoing elective PCI. This is the first publication to coronary flow reserve by thermodilution (coronary flow reserve by thermodilution after angioplasty minus coronary flow reserve by thermodilution before angioplasty), and delta diameter stenosis (% diameter stenosis before angioplasty minus % diameter stenosis after angioplasty) in regard to improvement in myocardial function in the follow-up period.
Fractional and coronary flow reserve
Pathophysiological rationale: fractional flow reserve in myocardial infarction
It has been shown that basal and hyperaemic myocardial blood flow is reduced in infarcted regions in comparison with regions without MI. 11, 12 Claeys et al. 13 have also shown that coronary blood flow velocity (corresponding to coronary flow reserve) for similar degree of coronary stenosis is smaller in infarcted regions than in regions without MI, both before and after angioplasty. Mechanisms responsible for the reduction in blood flow include reduced oxygen consumption in infarcted regions, inadequate dilation of epicardial and microvasculatory arterioles distally from the occlusion, 'stunning' of distal microcirculation, and partial obliteration of microvasculature. 14 Pathophysiologically, and in regard to the evaluation of FFR and CFR, there are two main differences between myocardial regions with and without MI: myocardium mass, depending on coronary artery with stenosis, is smaller in spite of the same referent diameter of the coronary artery; and dysfunction of microcirculation. However, and most importantly, FFR takes into account those two pathophysiological consequences of MI. De Bruyne et al. 5 have presented a remarkable schematic pathophysiological concept of the evaluation of FFR in patients with previous MI. In brief, for the same degree of coronary stenosis, functional significance of coronary stenosis for the regions with MI is less than for the same coronary stenosis in regions without MI, as viable myocardial mass is smaller. Consequently, FFR does not underestimate the functional significance of coronary stenosis; on the contrary, FFR in regions with MI takes into account both coronary stenosis and perfusion area of the coronary artery with residual stenosis. In other words, two anatomically identical stenoses have different functional significance if myocardial perfusion area is different. Our results, in regard to the correlation between FFR and maximal creatine kinase, further confirm the pathophysiological concept of the evaluation of FFR in patients with previous MI.
The value of functional indices in patients with previous myocardial infarction
De Bruyne et al. 5 were the first to establish the role of FFR in patients with previous MI. However, Caymaz et al. 15 comparing FFR in patients with and without MI have found significant differences, but have underestimated the role of FFR in patients with previous MI, concluding that it may not be a suitable and reliable method for the functional evaluation in infarcted patients. On the other hand, other authors 16, 17 finding no significant differences in FFR in patients with and without MI concluded that the method may be useful, but with no recognition of pathophysiology of FFR evaluation in patients with previous MI. Therefore, De Bruyne et al. 22, 23 Low CFR after angioplasty is a bad prognostic sign both for restenosis as well as for the improvement in myocardial function. 22 -24 Previous studies have also shown that coronary flow reserve before angioplasty identifies viable myocardium that will recover after revascularization. 25 They have shown that in the ischaemic segments, a worsening of regional function was associated with no significant increase in regional flow, whereas in the viable segments, an increase in regional coronary flow was mirrored by an increase in the function of dyssynergic segments. 25 Apart from procedural differences in relation to our study (PET allowing segmental evaluation of myocardial blood flow), our results in regard to the absence of CFR potential before angioplasty to detect myocardial segments that may improve are in fact concordant with previous findings, as most of our patients had viable but ischaemic myocardium. However, the improvement of CFRthermo during angioplasty and high CFRthermo after angioplasty are strongly associated with the improvement in myocardial function in the follow-up period. Dobutamine stress echocardiography has proven value in the detection of viable myocardium. 26 In this study, we have demonstrated comparable prognostic value of dobutamine stress echocardiography and FFR before angioplasty for the prediction of LV functional recovery in patients with previous MI undergoing successful angioplasty. Thus, FFR before angioplasty may be used as an alternative to dobutamine stress echocardiography for the prediction of myocardial recovery in patients already scheduled for diagnostic angiography and possible angioplasty. CFR gain after angioplasty increases prognostic potential, as demonstrated by our results, but has practical drawback that angioplasty has to be performed.
Study limitations
The study was performed in selected group of patients with previous first MI, one-vessel coronary artery disease responsible for MI scheduled for coronary angioplasty, and regional wall motion abnormalities corresponding to the territory of MI. The results of this study cannot be extrapolated to the patients with acute MI, as all the procedures with functional measurements were performed at least 7 days after MI in clinically stable patients.
The most critical issue in FFR and CFR measurement is the induction of maximal hyperaemia. In this study, we have used in all patients the intracoronary administration of papaverine for the induction of maximal hyperaemia. De Bruyne et al. 27 have compared the hyperaemic effect of various vasodilatory stimuli and concluded that papaverine-induced maximal hyperaemia is comparable with adenosine according to FFR values. However, only papaverine intracoronary, as well as adenosine intravenously, induced constant and stable maximal hyperaemia (plateau phase) which started 23 + 5 s after the initiation of administration and lasted for 22 + 7 s. The other point during CFRthermo measurement was the occasional observation of high variability of the values of transit times, as well as very short transit times, that practically disable the adequate interpretation of data and the measurement of CFR. In such cases (three patients), the values of CFRthermo were excluded from further analysis. Nevertheless, the feasibility of FFR and CFRthermo were 98 and 93%, respectively, which is in agreement with previous reports. 1, 2, 20, 21 Compared with coronary flow reserve, a novel quantitative index of microvasculature function, the index of microcirculatory resistance, provides a more reproducible and specific assessment of the microcirculation, which is independent of haemodynamic conditions. 28 In addition, Fearon et al. 29 have shown that the index of microcirculatory resistance, evaluated in the setting of acute ST-segment elevation MI, was the only significant predictor of LV functional recovery. In our study, we have not separately evaluated the variability of FFR and coronary flow reserve. However, Ng et al. 28 have previously demonstrated that the coefficient of variation between two baseline measurements was 18.6 + 9.6% for CFRthermo, 6.9 + 6.5% for the index of microcirculatory resistance, and 1.6 + 1.6% for FFR.
Conclusions
Ideally, coronary angiography in patients with previous MI should include the evaluation of myocardial ischaemia and myocardial viability at the same time and at the same place. Our data further extend the diagnostic value of the evaluation of FFR in patients 
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